Whereas ATP␥S is often considered a nonhydrolyzable substrate for ATPases, we present evidence that ATP␥S is a good substrate for the RNA-stimulated nucleotide hydrolysis and RNA unwinding activities of eIF4A. In the presence of saturating single-stranded poly(U) RNA, eIF4A hydrolyzes ATP␥S·Mg and ATP·Mg with similar steady-state parameters (K M NTP·Mg = 66 and 58 µM and k cat = 1.0 and 0.97 min −1 , respectively). ATP␥S·Mg also supports catalysis of RNA unwinding within 10-fold of the rate supported by ATP·Mg. The identical steady-state rate parameters, in comparison with the expected difference in the intrinsic rate of hydrolysis for ATP and ATP␥S, suggest a nonchemical rate-limiting step for nucleotide hydrolysis. These results raise caution concerning the assumption that ATP␥S is a nonhydrolyzable ATP analog and underscore the utility of thiosubstituted NTPs as mechanistic probes.
INTRODUCTION
To initiate the translation of a typical mRNA, the 43S ribosomal complex is thought to bind to an mRNA near its 5Ј-cap and then scan 5Ј to 3Ј along the untranslated region (UTR) in search of the first initiator AUG codon (Kozak 1992; Merrick and Hershey 1996) . This overall process requires ATP and the ATPase activity of eukaryotic initiation factor 4A (eIF4A; Trachsel et al. 1977; Benne and Hershey 1978; Linder and Slonimski 1989; Blum et al. 1992) .
RNA structure in the 5Ј-UTR can inhibit translation initiation, and several lines of evidence suggest that part of biological role of eIF4A may be to remove RNA structure (Pelletier and Sonenberg 1985; Kozak 1986; Svitkin et al. 2001) . The ATPase activity of eIF4A is stimulated by singlestranded RNA (ssRNA; Grifo et al. 1984; Abramson et al. 1987) . In vitro, eIF4A performs ATP-dependent unwinding of RNA and RNA·DNA duplexes (Rogers et al. 1999 (Rogers et al. , 2001a . This unwinding activity is enhanced by initiation factors eIF4B, eIF4H, and eIF4G (Abramson et al. 1988; Rozen et al. 1990; Richter-Cook et al. 1998; Rogers et al. 1999 Rogers et al. , 2001b . eIF4A possesses short motifs of amino acid sequence that are the signature of the so-called helicase family of proteins (Gorbalenya and Koonin 1993) . Nevertheless, it remains unclear if all subgroups of the helicase family, such as DExD/H box proteins, perform bona fide nucleic acid unwinding in vivo (Staley and Guthrie 1998; Lorsch and Herschlag 1998a; Tanner and Linder 2001; Caruthers and McKay 2002; Singleton and Wigley 2002) . To understand the diversity of function within this protein family and to more fully define the role of eIF4A in translation, it is important to mechanistically dissect reactions of helicase family members and to identify conserved and distinguishing biochemical and structural features of these enzymes.
We have assessed the effect of adenosine 5Ј-O-(3-thio) triphosphate (ATP␥S), in which one of the nonbridging oxygens of the ␥-phosphoryl group is replaced by sulfur, on the activities of eIF4A. This sulfur substitution has deleterious effects on the activity of many NTPases, hydrolases, and phosphorylases (Eckstein 1983 (Eckstein , 1985 Zhang et al. 1999) . The effects presumably arise from the distinct steric and electronic properties of sulfur compared with oxygen (Cohn 1982; Eckstein 1985; Frey and Sammons 1985) . To our surprise, we found that ATP␥S·Mg is hydrolyzed by eIF4A with the same k cat as ATP·Mg and supports RNA unwinding by eIF4A and eIF4B.
RESULTS

RNA-dependent Hydrolysis of ATP␥S·Mg by eIF4A
Nucleotide hydrolysis was monitored to determine if ATP␥S·Mg is accepted as a substrate by eIF4A. Rate constants were determined by measuring the formation of thiophosphate product at various times by using a radioactivitybased assay (Materials and Methods). As observed for ATP·Mg hydrolysis (Grifo et al. 1984; Abramson et al. 1987) , ATP␥S·Mg hydrolysis by eIF4A is stimulated by single-stranded poly(U) RNA (Fig. 1A) .
To compare the steady-state kinetic parameters for the hydrolysis of ATP␥S·Mg and ATP·Mg, hydrolysis activity was measured over a series of concentrations of ATP␥S·Mg or ATP·Mg in the presence of saturating poly(U) RNA (Fig.  1B) . These dependencies exhibit saturation behavior yielding values of K M NTP·Mg and k cat for ATP␥S·Mg and ATP·Mg that are the same within experimental error (66 ± 9 and 58 ± 11 µM and 1.01 ± 0.04 and 0.97 ± 0.06 min −1 , respectively). Thus, replacing a nonbridging oxygen at the ␥-phosphoryl position of the nucleotide with sulfur has no effect on the rate-limiting step for nucleotide hydrolysis.
ATP␥S hydrolysis is also observed when MgCl 2 is replaced by low concentrations of CdCl 2 (data not shown). Changing the bound metal ion in the active site presumably repositions the sulfur group because Mg 2+ ions strongly prefer to coordinate with oxygen rather than with sulfur, and Cd 2+ ions prefer to coordinate with sulfur rather than with oxygen (Pecoraro et al. 1984) . Thus, it appears that ATP␥S hydrolysis can occur with the sulfur group located in different positions of the active site of eIF4A. Inhibition of the ATP and ATP␥S reactions by high concentrations of Cd 2+ ions precluded quantitative comparisons of the reactions with Mg 2+ and Cd 2+ ions. To more fully compare the ATP␥S·Mg and ATP·Mg hydrolysis reactions, we established minimal kinetic and thermodynamic frameworks for each reaction (Fig. 2) . As previously observed (Lorsch and Herschlag 1998a) , ATP·Mg and poly(U) RNA binding is cooperative, as K M NTP·Mg decreases threefold when eIF4A is saturated with ATP·Mg (E·ATP). Control experiments indicate that the two-to eightfold differences from previously reported K M values (Lorsch and Herschlag 1998a; Peck and Herschlag 1999 ) are due to differences in the buffer conditions (data not shown). In contrast, ATP␥S·Mg and poly(U) RNA binding appears to be slightly anti-cooperative, with K M NTP·Mg increasing twofold when eIF4A is saturated with ATP␥S·Mg (E·ATP␥S). This result suggests that the sulfur substitution perturbs ground-state communication between the ATP and RNA binding sites.
RNA unwinding in the presence of ATP␥S·Mg
The efficient hydrolysis of ATP␥S·Mg by eIF4A encouraged us to determine if ATP␥S·Mg could support the RNA unwinding activity of eIF4A. Even with efficient hydrolysis, the sulfur substitution on the ␥-phosphoryl group could have deleterious effects on conformational changes required for RNA unwinding.
Unwinding reactions were assayed in the presence of trace amounts of a radiolabeled RNA duplex and excess concentrations of eIF4A and eIF4B (Fig. 3A) . Nondenaturing electrophoresis was used to separate radioactively labeled ssRNA product from the duplex RNA substrate ( Fig.  3B ; Materials and Methods). The fraction of ssRNA formed at various times could be fit to a first-order kinetic model to yield an observed rate constant for unwinding (k obs,unw ; Fig.  3C ). As shown in Figure 3C , ATP␥S·Mg catalyzes unwinding rates that are at least 100-fold above those observed in the absence of nucleotide. Previously, it was reported that RNA unwinding does not occur in the presence of ATP␥S·Mg (Pause et al. 1993) . However, the level of activity observed here may have been too low to be detected in the previous study and ATP␥S can be contaminated with ADP, which gives strong product inhibition of eIF4A reactions (Lorsch and Herschlag 1998a) .
To compare the rate of unwinding with ATP␥S·Mg and ATP·Mg, the dependence of k obs,unw on ATP␥S·Mg or ATP·Mg concentration was measured in the presence of subsaturating eIF4A and saturating eIF4B (Fig. 3D ). These dependencies were fit to a rapid pre-equilibrium binding
NTP·Mg values of 52 ± 8 and 96 ± 18 µM for ATP␥S·Mg and ATP·Mg, respectively. These K 1/2 values are similar to the K M values for NTP hydrolysis with subsaturating RNA (35 and 200 µM; Fig. 2 ), as expected if the NTP binding site of eIF4A is required for the unwinding reaction. Nevertheless, k obs,unw with saturating ATP␥S·Mg (k unw,max /K 1/2 eIF4A ) was 20-fold slower than the rate-constant with saturating ATP·Mg.
Because eIF4A is subsaturating, the 20-fold slower reaction with ATP␥S·Mg could be due to relatively weak RNA binding by the E·ATP␥S complex (K 1/2 eIF4A ; Equation 2), as observed in the hydrolysis reaction (Fig. 2) , or a slower maximal rate-constant (k unw,max ; Equation 2). To distinguish these effects, the dependence of unwinding activity on eIF4A concentration was measured in the presence of saturating ATP␥S·Mg or ATP·Mg (Fig. 4 ). The dependence with ATP␥S·Mg is linear up to 30 µM eIF4A (K 1/2 eIF4A > 30 µM), whereas the dependence with ATP·Mg shows significant saturation behavior at 25 µM eIF4A (K 1/2 eIF4A ∼ 15 µM). The more than twofold difference in K 1/2 eIF4A suggests that at least twofold of the 20-fold difference in (k unw,max /K 1/2 eIF4A ) arises from weaker binding of RNA by E·ATP␥S than by E·ATP. This result is consistent with the approximately sixfold weaker binding of ssRNA to E·ATP␥S than to E·ATP observed in the nucleotide hydrolysis assays (Fig. 2) . Thus, the rate constant for RNA unwinding (k obs,max ) by the ternary complex with ATP␥S·Mg present is within 10-fold of the rate constant with ATP·Mg present. Surprisingly, the maximal observed rate constant for RNA unwinding (>8 min 1B) . A faster rate constant for unwinding was unexpected because ATP hydrolysis is presumably required for RNA unwinding. There are several explanations for this observation that cannot yet be distinguished. First, eIF4B or duplex RNA present in the unwinding reactions may stimulate ATP hydrolysis. eIF4B purified from rabbit reticulocytes and wheat germ has been shown to stimulate RNA and ATP binding in eIF4A-dependent ATP hydrolysis assays (Abramson et al. 1988; Browning et al. 1989; Bi et al. 2000) . However, recombinant mammalian eIF4B does not appear to have an effect on substrate binding or k cat in ATP hydrolysis assays (Lorsch and Herschlag 1998a ; data not shown). The RNA duplex used in the unwinding assay, hairpin RNA duplexes, or hairpin RNAs with a singlestranded overhang did not stimulate ATP hydrolysis (Lorsch and Herschlag 1998a; data not shown). Reactions including both recombinant eIF4B and structured RNAs also did not produce increased rates of ATP hydrolysis (data not shown). Second, ∼90% of the enzyme could be inactive for ssRNA-dependent hydrolysis but active in unwinding the duplex RNA. The observation that K M RNA for hydrolysis (5 µM; Fig. 2 ) is similar to K 1/2 eIF4A for RNA unwinding (15 µM; Fig. 4 ) does not support this explanation. Third, differences FIGURE 2. Minimal kinetic and thermodynamic schemes for the eIF4A-catalyzed hydrolysis of ATP·Mg (A) and ATP␥S·Mg (B). K M values were determined in independent experiments, except underlined values that were calculated based on the thermodynamic cycles shown. K M values are believed to directly reflect the equilibrium dissociation constants for RNA and nucleotide binding (Lorsch and Herschlag 1998a) . Unbound ligands are not depicted for clarity. E·ADP·inorganic phosphate (or inorganic thiophosphate)·RNA complexes are not depicted because is appears that eIF4A has low affinity for inorganic phosphate, and this ternary complex has not been observed (Lorsch and Herschlag 1998a). in the RNA concentrations in the unwinding assay (RNA substoichiometric to enzyme) and hydrolysis assay (RNA superstoichiometric to enzyme) could result in the formation of a multimeric eIF4A complex that possesses stimulated ATPase activity in unwinding, but not hydrolysis, reactions. However, control hydrolysis reactions containing eIF4A at concentrations up to 20-fold higher than ssRNA or duplex RNA concentrations did not show any indication of stimulated ATPase activity or multimerization (data not shown). Fourth, eIF4A may be able to catalyze a single round of RNA unwinding before the rate-limiting step for ATP hydrolysis. Another possibility is that partially unwound RNA complexes produced in the absence of ATP hydrolysis become fully dissociated when they are released by eIF4A upon quenching with SDS. In this situation, unwinding would appear to occur faster than ATP hydrolysis.
DISCUSSION
Surprisingly, ATP␥S·Mg is comparable to ATP·Mg as a substrate for the nucleotide hydrolysis and RNA unwinding , respectively.
eIF4A, a DEAD box protein, uses ATP␥S efficiently
www.rnajournal.org activities of mammalian eIF4A. k cat for ATP␥S·Mg and ATP·Mg hydrolysis are the same within error, and the maximal rate constant for RNA unwinding with ATP␥S·Mg is within 10-fold of the activity supported by ATP·Mg. These results underscore that caution should be exercised when considering ATP␥S as a nonhydrolyzable analog of ATP. Our results also serve as an example of how thio-substituted ATP analogs can be used as mechanistic probes for obtaining structural and biochemical information about an enzyme. The simplest model for the similar rates of ATP·Mg and ATP␥S·Mg hydrolysis includes the following two features. First, the sulfur group appears to adopt a position in the active site where there is normally no interaction with the enzyme and no disruptive interactions are introduced. Alternatively, the sulfur reproduces interactions that were provided by the replaced oxygen, but differences in the size, bond length, electronegativity, and hydrogen bonding potential of sulfur and oxygen would require substantial plasticity within such an active-site (Cohn 1982; Eckstein 1985; Frey and Sammons 1985; Zhang et al. 1999) . Second, the similar k cat values for ATP␥S·Mg and ATP·Mg hydrolysis are consistent with a nonchemical step being rate-limiting for hydrolysis. Based solely on simple chemical considerations, it is expected that ATP␥S would be hydrolyzed faster than ATP. Although the rates of nonenzymatic hydrolysis of ATP␥S and ATP have not been directly compared, studies of p-nitrophenylphosphorothioate and p-nitrophenylphosphate dianions, which have a similar leaving group pK a as ATP␥S and ATP, indicate that thio-substitution increases hydrolysis rates 10-to 13-fold (Domanico et al. 1986; Hollfelder and Herschlag 1995; Catrina and Hengge 1999) . Based on this comparison, our results, and previous observations that eIF4A binds substrates weakly (Lorsch and Herschlag 1998a) , we suggest that the rate-limiting step for ATP hydrolysis by eIF4A may not be the chemical step but may be, instead, a conformational change that occurs after substrate binding.
In contrast to our finding with eIF4A, the activities of many, but not all, ATP-using and phosphoryl transfer enzymes are greatly compromised by thio-substitution of ATP (Eckstein 1983 (Eckstein , 1985 Zhang et al. 1999 ). Indeed, ATP␥S has different effects on different members of the helicase superfamily. UvrD, a DNA helicase that belongs to Helicase Super-family 1 (SF1) group of the helicase superfamily, does not appear to unwind DNA in the presence of ATP␥S (Matson and George 1987; Wong and Lohman 1992) . RecA, a DNA-dependent ATPase that possesses a nucleotide active site that is highly similar to SF1 helicases (Korolev et al. 1998) , hydrolyzes ATP␥S >1000-fold more slowly than ATP (Stole and Bryant 1997) . In contrast, Prp22, a member of the SF2 helicase superfamily (like eIF4A), can use ATP␥S to support an RNA unwinding activity that is significantly above the level supported by adenylyl imidodiphosphate (AMP-PNP; another ATP analog) and within 20-fold of the level supported by ATP (Wagner et al. 1998) . As more biochemical information about other helicase superfamily proteins is obtained, it will be of interest to see if the biochemical effects of ATP␥S, and other NTPs, correlate with the structure and sequence motifs of different subgroups within the superfamily.
One might anticipate that enzymes that couple a cycle of NTP hydrolysis to perform work via conformational transitions would be particularly sensitive to substitutions of the ␥-phosphoryl group. This is because contacts between the protein and the ␥-phosphoryl group of the nucleotide are thought to be crucial for mediating conformational changes used by many NTPases, including DNA helicases, cytoskeletal motor proteins, and G proteins, to perform work (Smith and Rayment 1996; Velankar et al. 1999; Vale and Milligan 2000) . It has been suggested that the ␥-phosphoryl group could mediate analogous conformational changes in eIF4A (Lorsch and Herschlag 1998b) . ssRNA binding is cooperative with ATP binding, but not ADP binding, and limited proteolysis and cross-linking results indicate that the enzyme adopts different conformations when bound to ADP and ATP analogs (Lorsch and Herschlag 1998b) . Further, our results demonstrate a sixfold effect of ATP␥S (relative to ATP) on binding of poly(U) RNA and possibly an effect of up to 10-fold on the rate constant for unwinding (Figs. 2, 4) . It is important to recognize that thio-substitution of ATP does exert some mild effects on eIF4A activity and, presumably, structure.
In future investigations, ATP␥S, and possibly other thiosubstituted ATP analogs, may serve as powerful mechanistic probes to help further elucidate rate-limiting steps and the role of conformational changes in performing work. For example, ATP analogs could be of aid in further investigating the chemical step for ATP hydrolysis by eIF4A. Other initiation factors, such as eIF4G, eIF4B, and eIF4H, that presumably interact with eIF4A during translation initiation may enhance the hydrolysis, unwinding, and, potentially, scanning efficiency of eIF4A (Abramson et al. 1988; Rozen et al. 1990; Richter-Cook et al. 1998; Rogers et al. 1999 Rogers et al. , 2001b M. Peck and D. Herschlag, unpublished results) . Thus, it would also be of interest to see if the relatively mild effects of ATP␥S on eIF4A activities are exacerbated in more fully reconstituted and efficient systems that contain these additional factors. Finally, it is possible that the ability of eIF4A to use ATP␥S efficiently may provide an opportunity to isolate the role of eIF4A from the roles that other ATPases play in translation assays using reconstituted systems and extracts.
MATERIALS AND METHODS
Proteins
Mouse eIF4AI was overexpressed in Escherichia coli and purified as previously described (Peck and Herschlag 1999) . The eIF4A storage buffer was 20 mM Tris-Cl (pH 7.4), 0.1 mM EDTA, 2 mM dithiothreitol, 10% glycerol, and 80 mM potassium acetate. eIF4A was kept at −80°C for long-term storage. Aliquots at 4°C maintained full activity for at least 2 months. Overexpression and purification of human eIF4B in E. coli was as previously described (Lorsch and Herschlag 1998a) . eIF4B was stored in 20 mM Tris-Cl (pH 7.4), 0.1 mM EDTA, 2 mM dithiothreitol, 10% glycerol, and 100 mM KCl at −80°C.
Nucleotides
ATP was from Calbiochem, ADP was from Sigma, and ATP␥S was from Boehringer-Mannheim. These nucleotides were titrated to pH 7.0 with KOH and were always used in stoichiometric amounts with MgCl 2 or CdCl 2 (hereafter ATP·Mg, etc.). [␥- 
Nucleotide hydrolysis assay
Hydrolysis assays were performed by using trace amounts of radiolabeled nucleotides (<25 nM) and varying concentrations of unlabeled nucleotides in excess of protein concentration. Reactions were typically carried out at 25°C in 25 mM MES-KOH, 12 mM Tris-Cl, 2.5 mM MgCl 2 , 2.2 mM dithiothreitol, 6% glycerol, 60 µM EDTA, 34 mM potassium acetate, and 30 mM KCl at pH 6.0 (which includes contributions from protein storage buffers). MgCl 2 was omitted in reactions containing CdCl 2 . Poly(U) RNA (Pharmacia) was the ssRNA cofactor for hydrolysis reactions and its concentration is reported in 20-mer equivalents (i.e., the concentration of RNA nucleotide divided by 20) to facilitate comparisons with previous studies.
Aliquots from reactions were collected, and products were separated using poly(ethylenenimine) cellulose chromatography or nondenaturing 20% polyacrylamide gel electrophoresis (for all ATP␥S reactions). PhosphoImager quantification was used to obtain observed rate constants as previously described (Peck and Herschlag 1999) . The product of [ 35 S]-ATP␥S hydrolysis by eIF4A migrates with a slightly faster mobility than inorganic phosphate on 20% nondenaturing gels and is presumed to be 35 S-thiophosphate. To avoid product inhibition by ADP (K I ADP = 2 and 10 µM with subsaturating and saturating poly[U], respectively; Lorsch and Herschlag 1998a; data not shown), initial reactions (<10% completion) were followed, and these reactions were found to be linear (e.g., Fig. 1A) . K M and k cat values were obtained by fitting the dependence of the hydrolysis rate on the concentration of a reaction component to the standard Michaelis-Menten model (Segel 1993) by using KaleidaGraph Software (Synergy).
Unwinding assay
The unwinding substrate was an RNA duplex composed of a 35-nucleotide strand and a 15-nucleotide strand (Fig. 3A) . The 35-nucleotide RNA was generated by T7 RNA polymerase runoff transcription and purified by denaturing polyacrylamide gel electrophoresis (Lorsch and Herschlag 1998a) . The DNA templates for the transcription were 5Ј-CCAGGAGGCTGTCGCTCTTAATGAC CTAGAGGTCCTATAGTGAGTCGTATTACATATGCGTGTTAC C-3Ј and 5Ј-GGTAACACGCATATGTAATACGACTCACTATAGG-3Ј. The 15-nucleotide RNA was synthesized by using solid-phase methods and was obtained from the Stanford PAN Facility. The 15-nucleotide RNA was 5Ј-end-labeled with [␥-32 P]-ATP by using T4 polynucleotide kinase (NEB) and was purified on nondenaturing 20% polyacrylamide gel electrophoresis as described (Zaug et al. 1988; Herschlag et al. 1993) .
Hybridized duplexes were prepared in annealing buffer (20 mM Tris-Cl at pH 7.4 and 80 mM potassium acetate) by heating the RNAs for 3 to 4 min at 90°C followed by cooling at room temperature for 10 min. Annealed duplex RNA was separated from ssRNA by using a 15% nondenaturing polyacrylamide gel (0.1 M Tris, 0.1 M boric acid, and 10 mM EDTA) with the running temperature maintained at 15°C. The band containing duplex was excised from the gel, soaked in annealing buffer at 4°C overnight, and stored at −20°C.
Reaction conditions and procedures
Unwinding assays were carried out at 25°C in the same buffer conditions as hydrolysis assays (25 mM MES-KOH, 12 mM TrisCl, 2.5 mM MgCl 2 , 2.2 mM dithiothreitol, 6% glycerol, 60 µM EDTA, 34 mM potassium acetate, and 30 mM KCl at pH 6.0). Enzymes were diluted to desired concentrations with enzyme storage buffers. Reactions (typically 40 µL total volume) were performed with trace-labeled RNA duplex and were initiated by the addition of an excess of premixed eIF4B and eIF4A. Control reactions indicated that the unwinding rates are insensitive to the order of protein addition. Aliquots (5 µL) were removed from the reaction at five to eight specific times, mixed with 5 µL stop solution (2% SDS, 100 mM dithiothreitol, 10% glycerol, 0.1% bromphenol blue, and 50 mM Tris-Cl at pH 6.8) and immediately placed on ice. Stopped reactions were stable for several hours on ice without significant duplex reannealing or deannealing. Singlestranded product was separated from intact duplex by using 15% nondenaturing polyacrylamide gel electrophoresis (0.1 M Tris, 0.1 M boric acid, and 1 mM EDTA) at a constant temperature of 15°C. The fraction of ssRNA was quantified with a PhosphoImager (Molecular Dynamics).
Kinetic analysis
The fraction of ssRNA was plotted against time, and the data were fit to a first-order exponential by using KaleidaGraph (Synergy), yielding the observed first-order rate-constant k obs,unw . Reactions typically reached completion with an endpoint of >85% product. The observed rate-constants for very slow reactions were determined from a linear fit of the first 10% of the reaction, assuming an endpoint of 90%. Duplex dissociation was slow (k obs,unw < 0.0001 min −1 ) in the absence of enzymes. Apparent equilibrium binding constants (K 1/2 ) were determined by fitting the dependence of k obs,unw on the concentration of a reaction component to the Michaelis-Menten model (Segel 1993) . Under these conditions, the K 1 ⁄2 for eIF4B (with ATP·Mg) is ∼0.2 µM (data not shown).
Estimation of errors
Rate and thermodynamic constants obtained in independent experiments varied less than twofold. Reported errors represent the R values from the KaleidaGraph fits. Unless otherwise indicated, eIF4A, a DEAD box protein, uses ATP␥S efficiently www.rnajournal.org reaction components were varied at least fivefold above and below K M or K 1/2 values.
ACKNOWLEDGMENTS
Jon Lorsch and Matt Marshall performed initial unwinding experiments that greatly facilitated this work. Members of the Herschlag laboratory provided valuable advice and discussion. We thank James Berger, Jon Lorsch, Dave McKay, and members of the Herschlag laboratory for comments on the manuscript. This work was supported by a National Institutes of Health grant GM49243 to D.H.
The publication costs of this article were defrayed in part by payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 USC section 1734 solely to indicate this fact.
